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Materials: Chlorobenzene (CB), Csl and PbBr, were purchased from Alfa Aesar.
Cesium hydroxide (CsOH, 50wt% in water), cesium bromide (CsBr, 98%),
perfluoroglutaric acid (H,C4F;04, 98%), perfluorosuccinic acid (H,CsF¢O4, 97%) and
perfluoroadipic acid (H,CeFgO4, 98%) was purchased from Aladdin (Shanghai, China).
Ethanol, acetonitrile, dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF)
and isopropanol (IPA) were purchased from Sinopharm Chemical Regent Co., Ltd.
Pbl,, Spiro-OMeTAD, ITO and FTO glass (NSG, Tec-7) were purchased from

Advanced Election Technology Co., Ltd..



Synthesis of cesium hexafluoroglutarate (CsFsO4Cs;) and other cesium
perfluorodioates salts: CsF;0,Cs; was synthesized through H,CsF¢O4 (1.2 g)in 10 mL
isopropanol mixed with CsOH aqueous solution (800 pL) at 60 °C with continue
stirring. And then the above mixture was crystallized at room temperature and purified
several times by anhydrous ether. Finally, the product was obtained by vacuum-drying
at 60 °C overnight. The synthesis of C;F;04Cs, and C¢FgO4Cs, were the same as the

synthesis of CsF¢04Cs,.

Solar Cell Fabrications: A compact SnO, electron transport layer (ETL) on FTO or
ITO was prepared by blade-coating a SnO, colloidal dispersion.l'] The CsPbl,Br
precursor solution including 277 mg Pbl,, 220 mg PbBr,, 312 mg Csl, 800 uL DMSO
and 200 uL DMF, and then the above solution was kept at 70 °C with continue stirring.
The solution (40 pL) was dropped and spun on the SnO,/FTO or SnO,/ITO film at 2500
rpm for 30 s, and then the as-prepared film was first heat-treated at 45 °C for 4 min and
annealed again at 170 °C for 10 min. For depositing the Cs-HFG perovskite layer, 1
mg, 1.5 mg or 2.0 mg CsF¢04Cs, was added in above CsPbl,Br solution (1 mL), and
the fabrication of films was consistent with above control case. Else cesium
perfluorodioate salts were optimized and added into the CsPbl,Br precursors, which is
consistent with control case. After preparation of CsPbl,Br film, conventional Spiro-
OMeTAD was used as the hole transport layer (HTL).[?! The fabrication process of
P3HT HTL was accorded to the previous work.!! Finally, 60 nm of Au was prepared
via thermal evaporation. The active area was defined by a 0.12-cm? mask. The 16-cm?
(8-cm? active area) PSC module were blade-coating fabricated referring to the previous

work.[1:4]

DFT calculation: The first-principles DFT calculation method was adopted to
calculate the binding energy of different carboxylate ligands absorbed on the surface of
CsPbl; crystal by CP2K 8.2 software package.l) The Perdew-Burke-Ernzerhof (PBE)
functional in conjunction with Goedecker-Teter-Hutter (GTH) pseudopotential and
double-zeta GTH-MOLOPT basis set was employed,[®-8] and a 520 Ry cut-off energy
was used. A (3*3) seven-slab model of (001) surface with a vacuum region of 20 A was
constructed to perform these calculations. The periodic boundary condition in the XY
directions and a /-only k-point grid were considered due to the sufficient size of this

model. The DFT-D3BJ method was also adopted to better describe the van der Waals



interactions.[*-1% During these geometry optimizations, the ligand molecule was placed
near the surface and the top five atomic layers were fully relaxed, while the bottom two
layers were fixed. In addition, the default convergence thresholds of force and geometry

change, and an energy convergence criterion of 3*10-6 Hartree were used.

Based on these optimized structures, the binding energy of each carboxylate ligand
(AEpinding) Was calculated as follows:

AE

binding

=F

ligand | surface - surface - Eligand

Wherein, Egyfaces Eligand> aNd Eligand/surface are the energies of the (001) surface,

ligand molecule, and the surface with ligand, respectively.

Characterizations: The J-V characteristics of PSCs were analyzed on a solar simulator
(Newport, Class 3A, 84023A) under the AM 1.5G standard light (100 mW cm)
equipped with a Keithley 2400 source meter. The IPCE spectra were measured on an
IPCE system (Newport) equipped with a Xenon lamp (66920, Newport, 300 W xenon
lamp), a monochromator (Cornerstone 260, Newport) and a multimeter (Keithley
2400). The system was calibrated with the certified Si-reference cell. The perovskite
films were analyzed on an X-ray diffractometer (Rigaku, SmartLab-SE) with a Cu Ka
radiation source. Surface and cross-sectional morphologies and EDS mapping of the
perovskite films or devices were measured on a field-emission scanning electron
microscope (SEM) (ZEISS, Sigma). The UV—vis spectra were recorded on a UV-2550
UV-vis spectrophotometer. IR spectra were collected on an infrared spectrometer
instrument (Thermo Fisher, Nicolet iS50). The steady and time-resolved PL spectra
were measured using an FLS980 (Edinburgh) fluorescence spectrometer excited by a

377.6 nm pulsed laser.

wm

Figure S1. Top-view SEM image and EDS mapping of F and O elements of the Cs-
HFG perovskite film.
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Figure S2. Cross sectional SEM image and EDS mapping of F and O elements of the
Cs-HFG device.
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Figure S3. XRD patterns of the perovskite films with CsFsO4Cs, in different

concentrations.
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Figure S4. (a) PL and (b) UV-vis spectra of the perovskite films with CsF¢O04Cs; in

different concentrations.
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Figure S5. Cross sectional SEM images of the devices with CsF¢O4Cs, in different

concentrations.



100 - ; =200 °C
— 80 '
S~ i
£ 60 -
=2 -
QQ =
= = ! Cs-TFS
20 4 —Cs-HFG
1——Cs-OFA
0 ] I 1 I ]
0 200 400 600

Temperature (°C)

Figure S6. Thermogravimetric (TG) analysis of cesium-based TFS, HFG and OFA

powders.
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Figure S7. Atomic structure of optimized CsPbl; (001) surface with (a) TFS, (b) HFG

and (c) OFA anions, respectively.
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Figure S8. (a) XRD patterns and (b) PL spectra of the control, TFS, HFG and OFA

films, respectively.
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Figure S9. Cross-sectional SEM images of the control, TFS, HFG and OFA film-based

PSCs, respectively.
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Figure S10. Cross-sectional SEM images of the control and Cs-HFG devices.
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Figure S11. (a) J-V curves of the best performance PSCs without and with CsF¢04Cs,
in different concentrations and (b) distribution of 20 individual PSCs without and with

CsFs04Cs; in different concentrations.
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Figure S12. J-V characteristics of the champion devices based on control, TFS, HFG

and OFA films.
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Figure S13. Water angle of the control and Cs-HFG perovskite films.
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Figure S14. Pb 4f XPS spectra of the control and Cs-HFG perovskite films.
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Figure S15. (a) C 1s and (b) F 1s XPS spectra of the Cs-HFG perovskite film.
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Figure S16. TRPL spectra of the control and Cs-HFG perovskite films.
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Figure S17. FTIR spectra of the control and Cs-HFG perovskite films. Inset is the

molecule structure of CsF¢O4Cs,.
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Figure S18. Digital photos of the control and Cs-HFG films (2*2 c¢m?) at 20 °C and
70% RH with different aging times.
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Figure S19. XRD patterns of the control and Cs-HFG films at 20 °C and 70% RH with

different aging times.



Q
o

—— 50 min
—— 15 min
—— 0 min

Control

Intensity (a.u.)
Intensity (a.u.)

T T T T

550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure S20. Normalized PL spectra of (a) Cs-HFG and (b) control films under

continuous AM 1.5G illumination for 50 min. All perovskite films were deposited on

glass substrates.
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Figure S21. Schematic of the fabrication process of the large-area inorganic perovskite

film by blading coating.

Table S1. Parameters of atomic structure of optimized CsPbl; (001) surface with TFS-,

HFG- and OFA- anions.

Anion surface  ligand  surfacetligand binding energy binding
/ Hartree energy / eV
TFS-  -1814.40 -183.64 -1998.29 -0.263 -7.15
HFG- -1814.48 -237.80 -2052.49 -0.322 -8.76

OFA-  -1814.44 -291.98 -2106.64 -0.219 -5.96




Table S2. Photovoltaic parameters of PSCs (0.12 cm? of active area).

Device J/mA-cm?  Voo/N  FF/%  n/%
Reverse 16.89 130 74.83 16.43

Cs-HFG
Forward 16.86 128 756 1631
Reverse 15.17 1.19 6293 11.36

Control
Forward 15.13 113 5715 9.77

Table S3. Photovoltaic parameters of PSCs with different CsF4O,Cs, amounts (0.12

cm? of active area).

Device Ji/mA-ecm? Vo,V FE% /%
Reverse 16.70 1.27 7470 15.85
2 mg
Forward 16.65 1.25 73.21 15.24
Reverse 16.89 1.30 74.83 1643
1.5 mg
Forward 16.86 128 75.60 1631
Reverse 16.41 1.24 67.41 13.74
I mg
Forward 16.32 1.23  67.69 13.57
Reverse 15.17 1.19 6293 11.36
Control

Forward 15.13 113 57.15 9.77




Table S4. Photovoltaic parameters of PSCs (0.12 cm? of active area) based on control,

TFS, HFG and OFA films.

Device Ji/mA-cm? VN FF/% 5/
Reverse 16.54 1.26 7231 15.07
TFS
Forward 16.61 1.25 70.74 14.69
Reverse 16.89 1.30 74.83 16.43
HFG
Forward 16.86 1.28 75.60 16.31
Reverse 16.76 1.28 70.80 15.19
OFA
Forward 16.81 1.23  70.17 14.51
Reverse 15.17 1.19 6293 11.36
Control
Forward 15.13 .13 57.15  9.77

Table S5. Photovoltaic parameters of PSCs (0.12 ¢cm? of active area) based P3HT as

HTL.
Device J/mA-cm? VoV FFE% /%
Reverse 15.09 125 7726 14.57
Cs-HFG
Forward 14.95 125 76.68 14.33
Reverse 13.14 1.06 67.38 938
Control

Forward 13.22 1.03  48.03 6.57




Table S6. Photovoltaic parameters of the champion device of Cs-HFG PSCs (8 cm? of

active area).

Device Js:;:/n/lA'Crn-2 Voc/v FF/OA) ’7/(%)
Reverse 3.81 449 7201 1235

Cs-HFG
Forward 3.76 452 71.03 12.07

Table S7. The performance of inorganic PSC modules by spin or blade coating in

previous reports and this work.

Referen  Active Materials Configuration Perovskite PCE (%)
ces area preparation (Reverse
(cm?) scan)
11 8 Crown ether FTO/ZnO- spin coating 11.87
ZnS/CsPbl;/Spiro/Au
blade coating 10.73
12 27 CITTIN-2F FTO/TiO, /CsPbl;/ spin coating 11.0
CITTIN-2F/Au
13 10.92 TPFPB, LiClO, FTO/NiO,/CsPbl,Bt/ spin coating 12.19
ZnO@Ce/Ag
This 8 cesium FTO/SnO, / blade coating 12.35
work hexafluoroglutarate CsPbl,Br/Spiro/Au
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